1. Introduction {#section0005}
===============

During recent years clinical virology laboratories have witnessed an increasing number of commercially available virus detection systems that vary considerably in terms of methodology, efficiency, accuracy and cost. While a desire for faster, better and cheaper results continually provides an impetus for new test development, an improvement in one arena often yields shortcomings in another. Thus, laboratory directors face difficult decisions regarding assay implementation for which numerous factors need be considered, not the least of which is the overall impact on patient care.

With respect to diagnostic testing for pathogenic respiratory viruses, cell culture (CC) has traditionally been considered the gold standard reference method ([@bib25]). One major disadvantage to this approach, however, is the extended incubation period often required for virus isolation, such that results are unavailable to clinicians during the initial stages of patient management ([@bib18]). Additional tests including enzyme immunoassays (EIAs), immunofluorescence (IF) assays and other direct antigen tests (DAT) ([@bib12], [@bib16], [@bib18], [@bib22]), shell vial techniques ([@bib7], [@bib17]) and nucleic acid amplification tests ([@bib13], [@bib20], [@bib23]) have all been introduced into the viral diagnostic armamentarium with the logical rationale that more rapid detection may favorably influence patient management, leading to reductions in antibiotic usage, shorter and less costly hospitalizations with fewer extraneous laboratory tests ordered, better cohorting capabilities and infection control measures, and better utilization of anti-viral therapies. A number of investigations have addressed one or more of these issues directly, each having employed some DAT as the methodological basis by which patient outcome comparisons were made ([@bib1], [@bib3], [@bib4], [@bib15], [@bib24]).

Considering all parameters, molecular tests utilizing the polymerase chain reaction (PCR) have performed exceedingly well in detecting respiratory viruses and will likely supersede cell culture as the new gold standard ([@bib13], [@bib20], [@bib23]). Yet many clinical laboratories are not equipped with this capability at present. Direct antigen tests are inexpensive relative to PCR and offer the benefit of simplicity and very short turnaround times. These assays often have considerably lower sensitivities than cell culture, however. The shell vial technique, which incorporates the speed and specificity of virus detection by immunofluorescent antibodies with the sensitivity of virus propagation on cell monolayers, provides an attractive option in terms of performance, rapidity and cost.

One commercially available system, the R-mix™ shell vial system (Diagnostic Hybrids Inc. \[DHI\], Athens, OH), combines epithelial cells derived from mink lung (Mv1Lu) with a human adenocarcinoma cell line (A549) in order to support the replication of several respiratory viruses, including influenza A and B, RSV, adenovirus and serotypes 1--3 of parainfluenza virus. While analytical sensitivity ([@bib19]), cost analysis ([@bib2]), and performance characteristics ([@bib6], [@bib8], [@bib21]) of the R-mix™ shell vial system have been addressed in the medical literature, the present study was conducted in an effort to (a) substantiate these data at a large, tertiary-care hospital laboratory over an entire respiratory virus season using traditional CC and DAT as methods of comparison, and (b) assess the technical aspects and cost of R-mix™ in order to determine the feasibility of its replacing CC.

2. Materials and methods {#section0010}
========================

2.1. Design {#section0015}
-----------

Appropriately labeled and adequately transported nasal washes, nasopharyngeal aspirates/swabs and throat swabs submitted for DAT and/or respiratory viral culture to the University of Texas Medical Branch clinical microbiology laboratory between 8 November 2004 and 1 April 2005 were included in the analysis. All specimens were cultured using both a conventional tube monolayer method and the R-mix™ shell vial system, whereas DAT was performed only upon request. Specimens were accepted from outpatient clinics, urgent care facilities and UTMB emergency department and inpatient wards.

2.2. Specimen processing {#section0020}
------------------------

Acceptable specimens included swabs received in viral transport medium (M4, Remel, Lenexa, KS) and fluid samples (i.e. washings and aspirates) received directly, in transport medium or in sterile PBS. Aliquots for EIA testing, when ordered, were made prior to a centrifugation step (1290 ×  *g*, 10 min at 4 °C). Following centrifugation, a portion of the supernatant was frozen at −70 °C for possible future use and the remainder was utilized for cultures and shell vials as detailed below. Direct IF tests, when ordered, were performed following resuspension of the cell pellet in 0.4--1.0 mL sterile PBS. Choice of DAT methodology was dependant upon time of specimen arrival in laboratory. If no rapid DAT was requested, samples were stored at 4 °C until processing. Time to detection (TTD) of all viruses was generated using specimen processing as start point.

2.3. Direct antigen testing {#section0025}
---------------------------

For IF, resuspended cell pellets were spotted onto 4-well glass slides and fixed in acetone. Flourophore-conjugated monoclonal antibody was used for RSV, influenza A and influenza B (Imagen, DAKO, Carpinteria, CA) detection. Evans blue counterstain provided nuclear detail for determination of specimen adequacy---negative spots containing fewer than 20 epithelial cells were reported as insufficient. For EIA testing, immunochromatographic kits for RSV and influenza A and B (NOW, Binax, Portland, ME) were used according to manufacturer\'s instructions.

2.4. Conventional tube culture {#section0030}
------------------------------

Standard tube monolayers of primary rhesus monkey kidney cells (RhMK) (two tubes), human lung carcinoma cells (A-549) (one tube) and diploid human embryonic lung cells (MRC-5) (two tubes) (DHI) were used for all conventional respiratory virus cultures. A 0.2--0.3 mL volume of sample was inoculated into each tube and adsorbed for 2 h. Cells were incubated on a roller drum at 37 °C or 33 °C (replicate MRC-5 and RhMK). Tubes were screened for cytopathic effects (CPE) daily for 5 days, then every other day for 9 additional days. Hemadsorption (HAD) using 0.2 mL of a 0.4% solution of guinea pig erythrocytes was performed at least twice on an RhMK replicate. Cell spots from positive HAD tubes were stained with unconjugated monoclonal antibody for influenza A and B and parainfluenza serotypes 1--3 (Bartels, Trinity Biotech, Wicklow, Ireland). For HAD-negative specimens, spots were stained with individual monoclonal antibody for RSV, adenovirus, HSV 1 and 2, CMV (Bartels, Trinity Biotech) or polyclonal antibody for pan-enterovirus, coxsackie B and echovirus (Chemicon International, Temecula, CA) based on CPE and/or cell tropism. Slides stained with conjugated primary antibodies (CMV, HSV and enterovirus) were read directly. For indirect assays, spots were stained with a flourophore-conjugated secondary anti-murine antibody (Bartels, Trinity Biotech).

2.5. R-mix™ shell vial culture {#section0035}
------------------------------

All shell vial cultures were set-up as recommended by the manufacturer. Briefly, R-mix™ shell vials were inoculated with 0.2--0.3 mL of specimen. As with CC, the final volume of inoculum varied depending upon the total amount of specimen received; however, equal volumes of each sample were added to CC and R-mix™ cultures. Assay-specific refeed medium was utilized (DHI). Shell vials were centrifuged at 700 ×  *g* for 60 min and incubated at 37 °C on a stationary rack. A flourophore-conjugated anti-respiratory virus antibody cocktail (D^3^, DHI) was used for broad-spectrum screening stain at 24 and 48 h. When positive, a replicate shell vial was prepared for confirmation stain using individual monoclonal antibodies for RSV, adenovirus, influenza A or B or parainfluenza serotypes 1--3 (D^3^, DHI). If both 24- and 48-h broad-spectrum stains were negative, the third replicate vial was discarded.

2.6. Calculations and statistics {#section0040}
--------------------------------

Given the high analytical specificity rates of all assays included in our study, we chose to define a true positive as any positive value, regardless of methodology. Based on this definition and using individual positivity rates to determine overall prevalence, sensitivity and negative predictive value (NPV) were determined for each virus/methodology combination. Comparison of proportions was performed using chi square analyses with generated two-tailed *p* values considered significant if ≤0.05.

3. Results {#section0045}
==========

During the nearly 21-week period of study, a total of 563 samples were processed for CC and R-mix™ shell vial assay. Rapid DAT was performed on a subset of 329 of these samples (58%). Patient age ranged from 2 weeks to 79 years (mean 4.4 years, median 1.0 years); and 95% of specimens received were collected from patients \<18 years of age. From the 563 specimens included in the analysis, a total of 207 viruses were detected by one or more method, resulting in an overall positivity rate of 36.8%. These figures include eight samples from which dual virus infection was detected ([Table 1](#tbl1){ref-type="table"} ).Table 1Results from 8 samples in which \>1 virus was detectedNo. of samplesResults by methodCCR-mix™DAT2AdenovirusRSVRSV1AdenovirusRSVNot performed3Adenovirus + RSVRSVRSV1RhinovirusNegativeInfluenza A1Parainfluenza 3Parainfluenza 3RSV

The most frequently detected virus during the study period was RSV (*n*  = 78), followed by influenza A/B (*n*  = 36), adenovirus (*n*  = 31), parainfluenza 1--3 and picornaviruses (*n*  = 23 each) (Table II). Sensitivity/NPV for the detection of RSV by R-mix™ was significantly higher than by CC (73%/95.8% and 42%/91.5%, respectively; *p*  = 0.0001); and mean TTD of all RSV positive specimens by R-mix™ shell vial assay was 1.2 days compared to 8.0 days required by CC. On the other hand, DAT identified 72/72 RSV-positive samples (20 by EIA, 52 by DFA), resulting in a significantly greater sensitivity/NPV for RSV (100%/100%) than for either CC or R-mix™ (*p*  \< 0.0001). In addition, all results were reported within 24 h of specimen processing. Sensitivity/NPV for the detection of adenovirus was significantly higher by CC than by R-mix™ (100%/100% and 45%/96.9%, respectively; *p*  \< 0.0001), while mean TTD by CC was 4.8 days versus 1.4 days by R-mix™. Interestingly, CC required an average of 2.6 days for isolation of the 14 adenovirus strains detected by the R-mix™ system, whereas mean TTD for the other 17 isolates (identified by CC only) was 6.7 days. Sensitivity/NPV for the detection of all parainfluenza isolates was 87%/99.4% by CC and 83%/99.2% by R-mix™. These differences (as well as differences between detection of individual serotypes) were not significant. Additionally, 23 picornavirus isolates and 16 herpesvirus isolates were recovered by CC only ([Table 2](#tbl2){ref-type="table"} ).Table 2Performance characteristics of all three assays by virus typeVirusCCR-mix™DATNo. of detected/TP[a](#tbl2fn1){ref-type="table-fn"}Sensitivity (95% CI) (%)NPV[b](#tbl2fn2){ref-type="table-fn"} (%)Mean TTD[c](#tbl2fn3){ref-type="table-fn"}No. of detected/TPSensitivity (95% CI) (%)NPV (%)Mean TTDNo. of detected/TPSensitivity (95% CI) (%)NPV (%)Mean TTDRSV33/7842 (32--53%)91.58.057/7873 (62--82%)95.81.272/72[d](#tbl2fn4){ref-type="table-fn"}100 (94--100%)100\<1.0Influenza A and B27/3675 (59--86%)98.33.428/3678 (62--89%)98.51.115/23[d](#tbl2fn4){ref-type="table-fn"}65 (45--81%)98.5\<1.0Adenovirus31/31100 (87--100%)1004.814/3145 (29--62%)96.91.4--------Parainfluenza 1--320/2387 (67--96%)99.46.019/2383 (62--94%)99.21.2--------Enterovirus/rhinovirus23/23100 (83--100%)n.d.[e](#tbl2fn5){ref-type="table-fn"}n.d.----------------CMV11/11100 (70--100%)n.d.n.d.----------------HSV5/5100 (51--100%)n.d.n.d.----------------[^1][^2][^3][^4][^5][^6]

A total of 36 specimens containing either influenza A (*n*  = 31) or B (*n*  = 5) was identified in the study, 27 by CC, 28 by R-mix™, and 15 by DAT (11 by EIA and 4 by DFA) ([Table 2](#tbl2){ref-type="table"}). Sensitivities and 95% confidence intervals for combined influenza A/B detection were 75% (59--86%), 78% (62--89%) and 65% (45--81%) for CC, R-mix™ and DAT, respectively ([Table 2](#tbl2){ref-type="table"}). No statistical difference in sensitivity between the two culture methods was identified, yet mean TTD by R-mix™ was 2.3 days shorter than by CC. Sensitivity for influenza A/B detection by DAT did not differ significantly when compared to either culture methodology. Further analysis of influenza A and B data subsets individually yielded similar results, as did sub-analysis of individual DAT methodologies (data is not shown).

Because our routine laboratory protocol does not incorporate culture for DAT-positive samples throughout the epidemic season, we chose to analyze separately culture results from the subset of specimens that were either DAT-negative or on which DAT was not performed (due to lack of request). Of 468 such cultures, 6 (1.3%) and 21 (4.5%) were positive for RSV and influenza A/B, respectively, by either R-mix™ or CC ([Table 3](#tbl3){ref-type="table"} ). When analyzed in this fashion, no statistical differences in sensitivity between R-mix™ and CC for the detection of RSV or influenza A/B were noted. Mean TTD by R-mix™ remained shorter than by CC, averaging 3.2 and 8.6 days faster for influenza A/B and RSV, respectively. Had this culture protocol been in place during the study period, however, the overall detection rate by either CC or R-mix™ would have been effectively reduced. As illustrated in [Fig. 1](#fig1){ref-type="fig"} , the relative proportions of viruses detected by culture alone would have differed in comparison with the proportions detected by all three methodologies. As a result, while RSV, influenza A/B and parainfluenza 1--3 comprise 67% of the total number of viruses detected by all methods ([Fig. 1](#fig1){ref-type="fig"}A), they represent only 44% of viruses detected by culture alone ([Fig. 1](#fig1){ref-type="fig"}B). Put differently, specimens for which culture would have been the sole manner of virus detection (e.g. DAT negative or DAT not requested) gave similar overall positivity rates for RSV (5/468; 1.1%), HSV (5/468; 1.1%) and CMV (11/468; 2.4%) as well as for influenza A/B (21/468; 4.5%), picornaviruses (23/468; 4.9%), adenovirus (31/468; 6.6%) and parainfluenza 1-3 (23/468; 4.9%) ([Fig. 1](#fig1){ref-type="fig"}B).Table 3Comparison of sensitivity and mean time to detection between CC and R-mix™ after exclusion of 95 DAT (+) resultsVirusCCR-mix™No. of positive/TP[a](#tbl3fn1){ref-type="table-fn"}Sensitivity (95% CI) (%)Mean TTD[b](#tbl3fn2){ref-type="table-fn"}NPV[c](#tbl3fn3){ref-type="table-fn"} (%)No. of positive/TPSensitivity (95% CI) (%)Mean TTD[b](#tbl3fn2){ref-type="table-fn"}NPV (%)Influenza A and B18/2186 (65--96)4.399.319/2190 (70--99)1.199.6RSV5/6^4^83 (42--99)10.299.85/6[d](#tbl3fn4){ref-type="table-fn"}83 (42--99)1.699.8[^7][^8][^9][^10]Fig. 1Relative proportion of viruses detected (A) by CC, R-mix™ and/or DAT (*n* = 207), and (B) by CC and/or R-mix™ alone (i.e. after exclusion of 95 DAT-positive samples) (*n* = 112).

Equivocal results were occasionally obtained by R-mix™ when screening with the pooled antibody was positive but confirmation staining of a replicate SV with individual antibodies was negative. A total of 33 specimens gave such initial equivocal results (17 at 24 h and 16 at 48 h). Of these, 11 (33%) were identified as virus-positive by CC and/or DAT but were negative by R-mix™ upon repeat staining (five adenovirus, four influenza A, and two parainfluenza 3). Thirteen samples (39%) were negative by CC, DAT and R-mix™. The remaining nine samples were initially equivocal at 24 h but became positive at 48 h upon repeat staining with individual, virus-specific antibodies (one adenovirus, two influenza A, four RSV and two parainfluenza 3 isolates). Seven of these nine isolates were concomitantly identified by CC and/or DAT.

Overall, the R-mix™ system was well accepted among laboratory personnel due to its performance ease and time-savings. Given the two culture protocols used in this study, we found negligible differences in set-up times (e.g. specimen processing, inoculations, centrifugation steps, etc.) and baseline material costs (i.e. cell monolayers/shell vials) between the two culture methodologies. The primary differences in cost were noted in immunofluorescent reagents and overall technologist time. We calculated having spent approximately \$12,000 for R-mix™ (\$21 per specimen) and approximately \$3000 for CC (\$5 per specimen) on immune reagents over the entire study period. This was partially compensated for by savings in technologist time---∼0.37 h per specimen for R-mix™ versus ∼1.02 h per specimen for CC, representing a difference of \$13 per specimen based upon a \$20 h^−1^ salary. Other items either represented nominal costs or were difficult to calculate due to their use in other assays.

4. Discussion {#section0050}
=============

Our results indicate that the R-mix™ system outperformed CC with respect both to sensitivity and mean TTD for RSV ([Table 2](#tbl2){ref-type="table"}). When compared with DAT, however, neither R-mix™ nor CC provided as sensitive or as timely results, suggesting that DAT should remain the test of choice for RSV at our institution. Given the liability of RSV and prior reports demonstrating that DAT frequently detects uncultivable RSV ([@bib12], [@bib14]), we have no reason to doubt that most RSV-positive samples detected by DAT alone were actually true positives. Indeed, other investigations of the R-mix™ system have illustrated the benefits of DAT for RSV detection ([@bib6], [@bib8]). Yet given the possibility that a small number of RSV-positive samples detected only by DAT may have been falsely positive, we cannot rule out having slightly underestimated the sensitivity for RSV detection by CC and SV. Additionally, because pediatric-aged patients (a) were overrepresented in our data, and (b) have been shown to harbor higher RSV titers and, hence, test positive by DAT more frequently than adults ([@bib14]), we cannot draw conclusions from the present study regarding appropriate testing for RSV in the adult population.

We found that the R-mix™ shell vial system performed quite favorably in comparison with CC for the detection of influenza A/B and parainfluenza 1--3. Potentially significant reductions in mean TTD were achieved without any appreciable compromise in sensitivity ([Table 2](#tbl2){ref-type="table"}). Surprisingly, comparison of sensitivity for influenza A/B by DAT and either culture methodology revealed no statistical differences. Because influenza virus is not generally considered to be as labile as RSV, a scenario wherein DAT is the sole positive assay for this virus seems somewhat less likely. Review of our data indicated that 5 of 15 DATs positive for influenza A/B (all of which were performed by EIA) were unconfirmed by either culture method. While we speculate that some of these results may have been falsely positive (and therefore decreased the calculated sensitivity of both culture systems), supplemental testing (e.g. RT-PCR) and/or detailed information (e.g. duration between DAT and culture set-up), which might have corroborated this suspicion, were not readily available.

One limitation of the R-mix™ shell vial system appears to be a lower sensitivity for the detection of adenovirus from clinical samples. Reports by [@bib11] and [@bib19] demonstrated similar detection rates and analytical sensitivity for adenovirus isolates between R-mix™ shell vials harvested 24 h post-inoculation as compared to other 24-h shell vial or conventional CC methods. However, the two studies utilized (a) stored patient samples that had previously tested positive by IFA or (b) dilutions of passaged virus. By contrast, two prospective studies using fresh, non-passaged patient samples reported low sensitivity rates for adenovirus similar to the present study---namely 69% and 25% based on 51 and 16 isolates, respectively ([@bib6], [@bib21]). These authors concluded that abbreviated incubation periods (24 h) or differing inoculum volumes (0.2 mL versus 0.3 mL) may have accounted for their observed low sensitivity values. Yet these variables cannot account for our observed adenovirus sensitivity, as we (a) extended the incubation period of R-mix™ shell vials to 48 h and (b) used identical inoculum volumes of each specimen for CC and R-mix™. Still, the lower sensitivity observed in R-mix™ could have been due to low viral titers in some samples, particularly given the mean TTD by CC for the 17 samples not detected by R-mix™ (6.7 days). In that case, extended incubation of shell vials beyond 48 h may have resulted in an increased recovery rate, although this seems to us to defeat the overall purpose of shell vial techniques. Lastly, because different antibody reagents were utilized for R-mix™ screen/confirmation (D^3^, DHI) and CC confirmation (Bartels, Trinity Biotech), we cannot exclude the unlikely possibility that differences in observed adenovirus sensitivity between the two culture systems were partly attributable to inherent antigen specificities between the virus-specific monoclonal antibodies.

As others have previously described ([@bib2], [@bib6]), we also encountered a number of clinical samples that appeared to be virus-positive by initial R-mix™ screen, but that were negative by individual IF antibody staining performed on the same day. Of 33 such specimens, 11 (33%) were virus-positive by CC and/or DAT but not R-mix™, 13 (39%) were negative by all three methodologies, and nine (27%) were ultimately identified as virus positive by repeat R-mix™ confirmation staining. As the virus season progressed, staff became more attuned to the fact that weak positivity on screening often did not confirm. A minor modification of the SV protocol was instituted so that confirmation of weakly positive screens from day 1 was postponed until day 2. Indeed, the number of equivocal samples at 24-h decreased as the study progressed, and we were able to confirm six virus-positive samples on day 2 that may have otherwise gone undetected by R-mix™. Had we chosen to extend incubation of equivocal samples from day 2 for an additional 24 h (i.e. perform confirmation staining at 36 h post-inoculation), we may have recovered some or all of the 11 viruses that were detected only by other methods.

Based upon the relative proportions of all viruses identified in this study ([Fig. 1](#fig1){ref-type="fig"}A), replacement of CC by R-mix™ might have seemed justified given that for 67% of isolates (i.e. RSV, influenza A/B, parainfluenza 1--3) R-mix™ clearly outperformed CC in terms of sensitivity and/or mean TTD. However, we found that the majority of viruses detected after elimination of the 95 DAT-positive specimens (i.e. samples on which culture would not have been performed under our usual laboratory protocol) were more readily identified by CC ([Fig. 1](#fig1){ref-type="fig"}B). In fact, use of the R-mix™ system in place of CC as the exclusive follow-up method to DAT in this study would have resulted in a reduction in overall cultivation rate from 23.5% (112/476) to 12.8% (61/476). While the clinical relevance of the herpesvirus and picornavirus isolates from our study is unknown, these viruses have been implicated in respiratory disease among certain populations ([@bib5], [@bib9], [@bib10]). Furthermore, as a number of less common respiratory viruses, including metapneumovirus, some strains of coronavirus, measles and mumps are more likely to be recognized in CC than shell vials, it would seem reasonable for laboratories to retain some form of conventional CC if possible.

From a technical and logistical standpoint, implementation of R-mix™ in the setting of a large clinical virology laboratory is appealing and potentially cost-effective. We found that the overall cost of the R-mix™ system using the described protocol was only slightly higher (∼\$4 per sample) than our current CC protocol after taking into consideration the marked reduction in labor required by the former (∼300% average reduction/specimen). As with other shell vial systems, additional advantages included simplicity of the methodology and less dependence on experience in discerning CPE. Importantly, our cost estimates were based upon an "all or nothing" scenario (i.e. CC alone versus R-mix™ alone). As a result, implementation of R-mix™ with retention of some CC capabilities would have served to increase the overall cost of the "R-mix™ approach".

In summary, we conclude that the R-mix™ system has a comparable sensitivity as CC for the detection of parainfluenza serotypes 1--3 and influenza A/B, but dramatically reduces the TTD. For RSV, the R-mix™ system is significantly more sensitive and more timely than CC, but neither appears to offers diagnostic benefit over DAT. The sensitivity of R-mix™ for adenovirus detection in clinical material is significantly lower than that of CC. Finally, while technical and logistical advantages of the R-mix™ system exist, alternative methodologies must remain in place if identification of other recognized viral respiratory pathogens, including CMV, HSV and picornaviruses is desired.
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[^1]: True positives defined as positive results by any methodology (specificity and PPV = 100%).

[^2]: True positives.

[^3]: Negative predictive value.

[^4]: Time to detection (days) = duration between completion of sample processing and issuance of test result.

[^5]: Lower denominators for DAT compared to cultures reflect fewer samples tested by this methodology.

[^6]: Not determined.

[^7]: True positives.

[^8]: Time to detection (days) = duration between completion of sample processing and issuance of test result.

[^9]: Negative predictive value.

[^10]: Includes one dual infection, RSV(+) by R-mix™ and EIA, adenovirus(+) by CC only.
